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The elimination of ethene from CH3CH2NHACH2
1 is characterized by ab initio procedures.
This reaction occurs through several asynchronous stages, but without passing through formal
intermediates. A potential energy barrier to hydrogen migration from the b carbon to N is
largely determined by the energy required to cleave the CN bond, but is lowered slightly by
H transfer from the b to the a carbon and then to N. The complex [C2H5
1 NHACH2] is
bypassed, even though that complex could exist at energies only slightly above that of the
transition state for ethene elimination. Furthermore, conversion of a substantial reverse
activation energy into energy of motion causes CH2ANH2
1 and CH2ACH2 to dissociate faster
than they can form [CH2ANH2
1 CH2ACH2]. Comparison of results for CH3CH2NHACH2
1 to
ab initio ones for methane from CH3CH2CH3
1z and elimination of ethene from
CH3CH2OACH2
1 and CH3CH2CHAOH
1 reveals that these dissociations occur in a similar
but, in each case, a distinct series of asynchronous steps or stages, and that there is no sharp
demarcation between concerted and stepwise eliminations as presently defined. In dissocia-
tions of CH3CH2NHACH2
1, loss of electron density at the C in the breaking N bond leads the
transfer of electron density to that carbon by migration of a hydrogen from the adjacent C. We
attribute this to a requirement for the moving H to be close to Ca before the moving H can start
to develop covalent bonding to Ca. It is also concluded that elimination of ethene from
CH3CH2NHACH2
1 avoids a Woodward–Hoffmann symmetry-imposed barrier by H migrat-
ing sufficiently from the b to the a carbon on the way to N, so that the dissociation is essentially
a 1,1 rather than a 1,2 elimination. (J Am Soc Mass Spectrom 1998, 9, 138–148) © 1998
American Society for Mass Spectrometry
Dewar [1] has expressed the view that multiplebond reactions, that is, reactions in which morethan one bond is made and broken, seldom
occur in a synchronous fashion. He argued that this is
because activation energies for synchronous processes
approximate the sums of the energies required to break
each of the pertinent bonds, usually predicting much
higher activation energies for synchronous than for
asynchronous processes such that most reactions take
the latter type of pathway. Consistent with this, the
majority of 1,2 eliminations from ions in the gas phase
occur by bond cleavage to ion-dipole complexes (ion-
neutral pairs formed by disruption of covalent bonding
between the incipient partners to the point that they can
rotate relative to each other [2]) followed by H transfer
between the partners [3–8]. (In the present context we
will use the term bond breaking to include dissociation
to a complex.) The stepwise nature of these processes is
consistent both with Dewar’s views and with the sym-
metry-forbidden nature of concerted 1,2 eliminations
[9]. Nonetheless, non-complex-mediated 1,2 elimina-
tions also occur from ions in the gas phase; for example,
methane elimination from protonated acetaldehyde is
not complex mediated, although extremely asynchro-
nous [10]. To further explore the boundaries between
concerted and stepwise processes, we compare here ab
initio descriptions of asynchronous and possibly syn-
chronous 1,2 ethene eliminations with emphasis on
those from CH3CH2NH
1ACH2.
Primary carbocations generally rearrange without
activation energy to more stable bridged, primary, or
secondary structures. Dissociations that would form
primary carbocations by simple bond cleavage instead
coordinate H migration with bond breaking to directly
form bridged, secondary, or tertiary alkyl ions [11–15].
Therefore, adding together the critical energies for the
component processes as advocated by Dewar predicts
lower activation energies for synchronous than for
stepwise pathways for these reactions, making them
good systems to explore whether this combination
produces concerted multiple bond reactions. In the
fascinating methane elimination from ionized propane
(Scheme I [15]) an itinerant methyl abstracts an ethene-
bridging hydrogen through consecutive multistage and
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simple steps. (Dewar has defined stages as bond break-
ings and makings that occur in sequence, but that are
not separated by a transition state [1]).
By a pathway related to that for the elimination
of methane from 1, CH3CH2O
1A CH2 (4) and
CH3CH2CHA OH
1 (5) interconvert and dissociate
through ethene-containing complexes (Scheme II [16–
20]). This venerable system is one of the first for which
ion-neutral complex-mediated reactions were proposed
in the gas phase [16]. A very recent ab initio study [20]
demonstrates that the key step in the path between 4
and 5 is interconversion for 6 and 7 by rotation of
CH2OH, fulfilling a basic criterion for passage through
a complex [2]. Results presented in that recent study
demonstrate that some processes in this scheme are
asynchronous, but this issue was not explicitly ad-
dressed.
Together with their description of the reactions of
C3H7O
1 isomers, Bowen and coworkers [16] proposed
that CH3CH2NHACH2
1 (8) eliminates ethene through
the complex 10. The b-hydrogen of ethyl is trans-
ferred with 100% specificity during ethene elimina-
tion from 8 at low energies, demonstrating that 8 and
CH3CH2CHANH2
1 (9) do not interconvert, unlike the
CH3H7O
1 ions [16]. Also, forming a CH2ANH –
1C2H5
complex from 8 would require a substantial amount of
energy [16]. These features suggested that ethene elim-
ination from 8 may not be complex mediated, i.e., not
stepwise. However, 8 has received no further attention
in the 20 years that have elapsed since that study. We
studied this reaction by ab initio theory in hopes of
using the results to compare reaction coordinates on
opposite sides of the boundary between stepwise and
concerted eliminations, and to determine whether or
not the reaction utilizes a predicted [9] orbital symme-
try-forbidden transition state.
Results and Discussion
The C3H8N
1 Potential Surface
Ab initio energies of pertinent C3H8N
1 species and
their dissociation products are given in Table 1, and a
potential energy diagram constructed from results at
the QCISD(T)/6-311G(d,p)//QCISD/6-31G(d) level of
theory with zero-point energy corrections is given in
Figure 1. This diagram is similar to one constructed by
Bowen and coworkers, except 10 is placed substantially
lower in energy by present results. Ab initio energies of
the products are reasonably consistent with known
experimental data [21], except C2H5
1 1 CH2ANH is 63
kJ mol21 lower by theory than by experiment. Because
in all instances the variations in energy were no more
than 11 kJ mol21 over the three highest levels of theory
we employed, we believe our energies to be sound.
Given the magnitude of the discrepancy and that ab
initio results for C2H5
1 are in good agreement with
experimental ones [22], it is likely that the experimental
DHf(CH2ANH) is too high.
Table 1. Ab initio energies (Hartrees) for the C3H8N
1 potential surface
RHF/6-31G(d,p) MP2/6-311G(d,p) QCISD/6-31G(d) QCISD(T)/6-311G(d,p) ZPE
RHF/6-31G(d,p) MP2/6-311G(d,p) QCISD/6-31G(d) QCISD/6-31G(d) (kJ/mol)
CH3CH2NHACH2
1 (8) 2172.484329 2173.124620 2173.056126 2173.197167 300.6
TS(8 3 10) 2172.386783 2173.020035 2172.951165 2173.095088 278.1
[CH2ANH C2H5
1] (11) 2173.017931 2172.947891
[CH2ANH2
1 CH2ACH2] (10) 2173.083362 2173.015425 2173.158022 287.9
TS(8 3 8*) 2173.013387 2172.942940 2173.088065 276.5
CH2ANH2
1 294.721651 294.685222 294.757979 146.3
CH2ACH2 278.344292 278.313352 278.384227 137.4
CH2ANH2
1 1 CH2ACH2 2173.065943 2172.998574 2173.142206 283.7
C2H5
1 278.613435 278.582426 278.654829 165.6
CH2ANH 294.375760 294.337339 294.409549 107.4
C2H5
1 1 CH2ANH 2172.989195 2172.919765 2173.064378 273.0
Scheme I
Scheme II
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CH3CH2NH
1A CH2 (8)
The equilibrium geometry derived for 8 is presented in
Figure 2 with pertinent interatomic distances indicated
on the figure. We used Mulliken overlap populations
(ab initio estimates of the electron density shared be-
tween two atoms) as indicators of degree of covalent
bonding [10], as this gives the electron population
between atoms. Overlap populations for bonds in 8 are
given in Table 2 to provide reference values for “nor-
mal” bonds. The only unusual feature found for 8 is that
its CN single bond appears quite weak, as the overlap
population for that bond, 0.132, is less than half that of
the CC and CH bonds.
The Transition State for 8 3 10
The transition state for ethene elimination from 8
{TS(83 10)} is depicted in Figure 3. We found by
intrinsic reaction coordinate (IRC) calculations that this
transition state connects 8 and the complex 10. In the
transition state (TS) the moving H (H1 in the calcula-
tions, Ht in the remaining text) is 1.190 Å from the
carbon to which it was originally bonded (Cb), only
slightly farther than the 1.095 Å in 8, but much closer to
the other ethyl carbon (Ca) (1.536 Å versus 2.141 Å in 8).
Reflecting this substantial H movement, the HtCbCa
bond angle in the transition state is only 72.3°, substan-
tially displaced from its value of 108.6° in 8, although
more open than the corresponding angle of 57.9° in the
bridged ethyl cation. The overlap population in the
transition state (Table 3) for Cb-Ht (0.197) is much lower
than that for the corresponding bond in 8 (0.365), so the
former bond is weakened. Despite the considerable
bending and weakening of the bond, Ht is still primar-
ily attached to the b-carbon. The Cb-Ht and Ca-Ht
distances are much shorter than the corresponding
distances in 10 (2.30–2.33 Å, Table 4), and Ht is still
more than twice as far from N (2.24 Å) as is the H
originally bonded to N (1.03 Å). Nonetheless, covalent
bonding is beginning to develop between Ht and Ca
(overlap 5 0.040) and N (overlap 5 0.020). IRC calcu-
lations show that the reaction starts with a lengthening
Figure 1. Potential surface for the reactions of CH3CH2NHACH2
1 (8). All energies (values in
parentheses) were obtained by ab initio calculations at the QCISD(T)/6-311G(d,p)//QCISD/6-31G(d)
level with zero-point energy corrections.
Figure 2. Ab initio geometry for CH3CH2NHACH2
1 (8) obtained
at the QCISD/6-31G(d) level of theory. The numbers on the figure
are the lengths of the nearest bond in angstroms. Atoms in this
and all succeeding figures and in the tables are designated as
follows:
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of the CN bond and an 8° increase in the CCN angle; Ht
then moves back toward Ca and N as the CN bond
stretches further (Figure 4).
The N is still closer to the a-carbon (2.666 Å) in TS(8
3 10) than to the b-carbon (3.306 Å), although substan-
tially farther than it is from the a-carbon in 8 (1.489 Å).
The overlap population for the breaking CN bond is
0.009, only 7% of its value in 8, so the CN bond is
effectively broken at TS(8 3 10). The CCN bond angle
is still obtuse at 104.7°, with the N of CH2ANH toward
the approaching hydrogen. The overlap population in
the CC bond is 4% increased from that in 8, much less
than the 73% larger value in 10. Even though the CN
bond is largely broken, TS(8 3 10) is still far from
complex 10, in which Ht is shifted to N and N is
equidistant from the ethene carbons (see below). Al-
though the movement of Ht toward N and CN bond
breaking are correlated, the CN bond is effectively
broken before most NHt bond making occurs. How-
ever, the shift of Ht from Cb toward Ca helps the
breaking of the CN bond, as TS(83 10) is slightly lower
in energy than [CH2H5
1 HNACH2] (see below), and
there is some bonding between Ht and both Ca and N.
The reaction is initiated by a CN stretch. The
CaCbHt angle only begins to decrease rapidly after the
CN bond is stretched by about 0.75 Å and the CCN
angle only starts to decrease after the CN bond had
stretched more than 1.0 Å (Figure 4). As the CaN bond
lengthens in the IRC calculations after TS(8 3 10) is
passed, Ht moves past the symmetric CC bridging
position and on to N. This movement of Ht to N before
reaching an intermediate complex produces the specific
b-H transfer in this reaction. The CaN bond distance
increases slowly beyond the transition state, whereas
the NHt bond distance decreases rapidly and then
slowly. As Ht is transferred to N, the CbCaN bond
angle also decreases rapidly and then slowly, remaining
obtuse until the formation of 10 is nearly complete. The
CaCbHt bond angle decreases past the transition state
to about 51° and then increases again as Ht is trans-
ferred to N, whereas the partners move out to 10. The
point at which Ht is first symmetrically above C2H4 is
neither a saddlepoint nor a minimum, but simply a
point on the reaction coordinate. Once the system is
well past the transition state, Ht and the N to which it is
now attached would move to form complex 10 if they
follow the minimum energy pathway. However, the
freed reverse activation energy for the reaction (Figure
1) drives the fragments apart so rapidly that 10 is not
formed (see the following).
Figure 3. Ab initio geometry for the transition state for ethene
elimination from CH3CH2NHACH2
1 obtained at the QCISD/6-
31G(d) level of theory. The numbers on the figure are the lengths
of the nearest bond in angstroms. The methyl hydrogen just below
the alpha carbon is moving toward the N by way of the a carbon.
Figure 4. Changes in the HCC (filled circles) and CCN (open
circles) bond angles as a function of CN bond elongation in TS(8
3 10). Geometries are from IRC calculations at the MP2/6-
31G(d,p) level of theory. Note the substantial stretch in the CN
bond before there is much change in the bond angles, and that the
HCC bond angle changes much more rapidly and dramatically
than the CCN angle. The HCC bond angle decreases as H is
transferred from the b carbon past the a carbon to N, and then
increases as CH2ACH2 and CH2ANH2
1 move away from each
other. The plot starts at 8 and ends at 10.
Table 2. Overlap population in CH3CH2NH
1ACH2 at the QCISD/6-31G(d) level of theory
H1 N H6 H7 H8 C1 C2
C1 0.365 20.052 0.284
C2 20.029 0.132
H2 0.363
H3 0.363
H4 0.375
H5 0.373
N 0.003 0.296
C3 0.410 0.364 0.362
Atoms in this and all succeeding tables are designated as illustrated in the legend to Figure 2.
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TS(8 3 10) is about 100 kJ mol21 below the com-
bined energies of separated CH2ANH and C2H5
1 (Fig-
ure 1), 155 kJ mol21 higher in energy than 10, and 118.5
kJ mol21 above CH2ANH2
1 1 CH2ACH2. An average
of 27 kJ mol21 of translational energy is released in the
elimination of ethene from 8 [16], that is, 23% of the
available reverse activation energy becomes relative
translational energy of the products. An average release
of only about 12 kJ mol21 would be expected if there
were no unusual features to the reaction [23], suggest-
ing that the freed reverse activation energy drives the
partners apart faster than 10 can be accessed, or at least
faster than energy can be randomly distributed in 10 if
that configuration is accessed. Thus, this reaction does
not actually form the product to which the transition
state formally leads. The dissociating n-butane ion
behaves somewhat similarly in that methane elimina-
tion is more frequent from a methyl-bridging hydrogen
transition state than is the formation of the 2-methyl-
propane ion, the species to which the transition state
leads [13].
[CH2ANH2
1 CH2ACH2] (10)
We characterize 10 (Figure 5 and Table 4) to permit
comparison of TS(8 3 10) to this stable complex. The
partners in 10 are much closer to being CH2ANH2
1 and
CH2ACH2 than CH2ANH and C2H5
1. Two hydrogens
are at short and similar distances from N (1.022 and
1.038 Å); the slightly longer N–H bond points toward
the center of the ethene partner. Overlap populations,
0.048 and 0.047 for bridging CH interactions (Table 5),
demonstrate that a small amount of covalent bonding
exists between the binding hydrogen and the ethene
carbons. The Mulliken procedure for allocating charge
distribution associates 90% of the positive charge with
CH2ANH2 and 10% with CH2H4. The corresponding
distances from the ethene carbons and hydrogens to the
binding H and the N are essentially identical (Table 4),
so that the NH bond is perpendicular to the plane of
ethene and toward the center of the ethene partner. The
second H and CH2 on N are equidistant from the
hydrogens of each methylene but at different distances
from the two methylenes of the ethene partner. There-
fore, in 10 the axis of CH2ANH2
1 and the C–C axis of
ethene are in the same plane, and the planes containing
the atoms of each partner are perpendicular. The struc-
ture of 10 is similar to that of 6 and contrasts with that
of 2 in that in 2 the bridging H is essentially attached to
ethene rather than the methyl.
[C2H5
1 HNACH2] (11)
We also located a stable (all vibrational frequencies real)
[C2H5
1] (11) complex 6–10 kJ mol21 above TS(8 3 10)
(not illustrated). Because 11 is a minimum, more than
6–10 kJ mol21 of additional energy would be required
to reach it than to reach TS(8 3 10), the reason that 11
is not on the minimum energy pathway to the elimination
of ethene from 10 (that this is also the case experimentally
is suggested by the specificity of b-H transfer). This
complex consists of a symmetrically H-bridged C2H4 with
the CC and the CN axes of the partners perpendicular to
each other. The N is between the CCH1 and C2H4 planes
of the C2H5
1 partner, i.e., on the H-bridged side of C2H4,
and located symmetrically to the carbons and each pair of
cis hydrogens in C2H4. There is essentially no covalent
bonding between the partners in this complex, as NC
overlap populations [QCISD/6-31G(d) level of theory]
were slightly negative and the N to bridging-H overlap
population only 0.002; so this is an ion-dipole complex.
The charge is 96% on C2H5.
Table 3. Overlap populations in TS(CH3CH2NH
1ACH2 3 [CH2ACH2 NH2
1ACH2]) at the QCISD/6-31G(d) level of theory
H1 N H6 H7 H8 C1 C2
C1 0.197 20.025 0.296
C2 0.040 0.009
H2 0.364
H3 0.364
H4 0.352
H5 0.352
N 0.020 0.288
C3 0.463 0.364 0.368
Table 4. Interatomic distances in [CH2ACH2 NH2
1ACH2] (10)
H1 N H6 C3 H7 H8
C1 2.299 3.321 3.776 4.259 4.255 5.277
C2 2.327 3.315 4.073 3.880 3.544 4.964
H2 2.711 3.638 3.938 4.657 4.760 5.614
H3 2.711 3.638 3.938 4.657 4.760 5.614
H4 2.759 3.633 4.454 4.002 3.526 5.065
H5 2.759 3.633 4.454 4.002 3.526 5.065
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TS(CH3CH2NH
1ACH23 CH2ANH
1CH2CH3)
A transition state (Figure 6 and Table 6) was also found
for migration of CH2ANH directly from one carbon to
the other of 8. In that transition state, CH2NH is moving
between carbons whereas H is moving in the opposite
direction on the other side of ethene; the moving H and
N are both fully symmetric to the ethene. IRC calcula-
tions at the MP2/6-31G(d,p) level reveal that this reac-
tion would occur starting with CN stretching, followed
by synchronous movement of H and NHACH2 toward
the opposite carbons (Figure 7), the only clearly syn-
chronous processes we found in these studies, and that
this reaction does not actually occur (see the following).
Mulliken charge distributions place 96% of the charge
on C2H5 and 4% on CH2ANH, and the overlap popu-
lations between N and the C2H5 carbons are slightly
negative (Table 7). Thus this transition state is an
electrostatically bound, H-bridged C2H5
1–CH2ANH
pair. Each atom in CH2NH is the same distance from
the carbons and each pair of C2H4 cis hydrogens, so the
C2H4 and CH2NH planes and the C–C and C–N axes
are perpendicular as in 11, and in contrast to the parallel
ordering of those axes in 10. This transition state is only
16 kJ mol21 higher in energy than that for ethene
elimination. However, the complete specificity of trans-
fer of a b hydrogen in the ethene elimination at low
energies [16] demonstrates that neither isomerization
by migration of CH2ANH past the bridging hydrogen
nor around the opposite side of the C2H4 moiety
actually occurs, at least not near threshold. The energy
of TS(83 10), 11, and TS(83 8*) are within 20 kJ mol21
of each other, so the potential surface for movement of
the C2H5
1 and CH2ANH partners relative to each other
seems fairly flat.
As the CN bond stretches, there is a shift in electron
density from C2H5 to CH2ANH with the density de-
crease at Ca leading that at Cb until the transition state
is approached. Initiation of CN stretching is aided by
decreasing a repulsive interaction between Cb and N
rather than increased bonding between Ca and Ht.
Formation of the CaHt bond begins much later than the
other adjustments. We suggest that this is because CH
bond formation does not begin until the CH distance is
small. Thus in this system Ht and N move synchro-
nously, but adjustments in electron distribution in the
Figure 5. Ab initio geometry for the stable complex [CH2ANH2
1
CH2ACH2] (10) obtained at the QCISD/6-31G(d) level of theory.
The numbers on the figure are the lengths of the nearest bond in
angstroms. Additional bond lengths are given in Table 4. The
planes of the two partners are perpendicular with the C–C and
C–N axes parallel to each other.
Figure 6. Ab initio geometry for the transition state for the shift
of CH2ANH from one carbon to the other in CH3CH3NHACH2
1
(8) obtained at the QCISD/6-31G(d) level of theory. The numbers
on the figure are the lengths of the nearest bond in angstroms.
Interatomic distances between the atoms in the partners for this
transition state are given in Table 6. The bridging hydrogen and
nitrogen are equidistant from the C2H4 carbons, and the planes
and axes of CH2ANH and C2H4 are perpendicular to each other.
Table 5. Overlap populations in [CH2ACH2 NH2
1ACH2] at the QCISD/6-31G(d) level of theory
H1 N H6 C3 H7 H8 C1 C2
C1 0.048 20.016 0.000 0.491
C2 0.047 20.017 0.000
H2 0.367
H3 0.367
H4 0.366
H5 0.366
N 0.183 0.298
C3 0.403 0.363 0.363
143J Am Soc Mass Spectrom 1998, 9, 138–148 ETHENE ELIMINATION FROM CH3CH2NHACH21
breaking and making bonds are not synchronized. We
conclude that the synchronized motions are imposed by
the approach to a symmetric transition state rather than
by adjustments in the electron distribution.
Variations Among Pathways to Ethene Elimination
We compare the ab initio descriptions of the paths to
ethene elimination from 1 [15], 4 [20], 5 [20], and 8 in
search of added insight into what makes a reaction
concerted or stepwise, and the stages thereof synchro-
nous or asynchronous.
With variations, bond breaking in association with
H-shifting toward a bridging position in ethyl followed
by transfer to form the incipient ethene occurs in the
reactions of 1, 4, and 8. Ethene elimination starting from
5 is rather different, with H transfer preceding C–C
bond breaking (see below). The H shift toward a C2H4
bridging position lags CC bond cleavage during forma-
tion of the complex 2 from ionized propane, as the CC
bond is elongated to 2.817 Å, whereas the CH bond
(1.173 Å) is only slightly longer than the other two CH
bonds (1.087 Å) on the same carbon [15]. H transfer to
form methane occurs in a second step, because the two
H transfers in this elimination have distinct transition
states, although the second one occurs on a relatively
flat region of the surface. Thus this reaction occurs in
two steps, and the first step has two stages.
In another variation on the theme, recent work by
Audier and coworkers reveals that C–O bond breaking
and H migration to a bridging position lead to a
transition state near the beginning of the H transfer
between the partners rather than to an intermediate in 4
3 6 (Scheme II) [20]. At TS(4 3 6) CO bond cleavage,
shifts of H to a bridging position and CH2O movement
toward the migrating H are far advanced, while H
transfer to O to form 6 is just beginning. Only one
transition state was found between 4 and 6, in contrast
to 13 2, although the trajectories for the two reactions
are similar. In TS(43 6) the O–H distance (but not the
distance between O and ethene) is much longer in the
transition state (O–H 5 1.909 Å) than in the complex
(0.995 Å), while the bridging C–H distances (1.314 Å)
are much shorter in the transition state than in 6
(2.60–2.62 Å). Thus CH2O goes far from its partner with
the O toward the bridging hydrogen, and then in a
Figure 7. Changes in the HCC (filled circles) and CCN (open circles) bond angles as a function of CN
bond elongation in TS(83 8*). Geometries are from IRC calculations at the MP2/6-31G(d,p) level of
theory. Note the initial stretch in the CN bond before there is much change in the bond angles.
Table 6. Interatomic distances in TS(CH3CH2NH
1ACH2 3 CH2ANH
1CH2CH3
H1 N H6 C3 H7 H8 C2
C1 1.321 2.914 3.537 3.845 3.889 4.872 1.377
C2 1.321 2.914 3.537 3.845 3.889 4.872
H2 1.934 3.199 3.544 4.280 4.538 5.197
H3 1.933 3.228 4.012 3.855 3.646 4.898
H4 1.933 3.228 4.012 3.855 3.646 4.898
H5 1.934 3.199 3.545 4.280 4.538 5.197
N 3.958 1.028 1.284 2.051 2.106
C3 4.884
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following stage the bridging hydrogen is transferred
from the ethene to CH2O. Available information does
not reveal how synchronized the initial H motions and
CO bond breaking are in 4 3 6.
In TS(5 3 7), H shifts directly to the carbon of the
incipient protonated formaldehyde without passing
near a bridging position [20]. For the transferring H, the
CH bond is stretched from 1.082 Å in 5 to 1.482 Å, and
it is only 1.180 Å from the carbon to which it is
migrating. The latter distance is not much greater than
the CH bond length for the H already attached to the C
(1.082 Å). We determined overlap populations for 5, 7,
and TS(5 3 7) at the MP2/6-311G(d,p) level to better
assess bonding in that transition state. Our overlap
population is 0.09 for the breaking CH bond and 0.27
for the forming CH bond, confirming that H transfer is
far advanced in this transition state. The CC bond being
broken is not much longer (1.535 Å) than its equilibrium
length (1.469 Å), although the C–C–C bond angle is
strongly bent (from 116.1° to 74.9°), so there is motion
accompanying the H shift. The overlap population of
the breaking C–C bond is 0.18 compared to 0.26 in 5,
while that between the first and third carbons is 20.02,
demonstrating that there is some reduction in covalent
bonding. Thus the H migration is nearly complete at the
transition state while the CC bond is less than half
broken. No formation of a new covalent CC bond was
commenced. However, in 7 the C–C overlap popula-
tions from Ca and Cb to CH2OH were 0.113 and 0.094,
indicating appreciable covalent interactions between C1
and other carbons. The H transfer in TS(5 3 7) facili-
tates CC bond breaking by permitting direct formation
of the stable CH2OH
1 1 C2H4 pair, bypassing the much
higher energy C2H5
1–HCOH complex.
The dissociations of 1, 4, and 8 start with stretching
of already weak bonds (the CO bond in 4 is also
elongated [18]), with H migration aiding in further
bond breaking. In the first two of these reactions, H first
moves within the fragment it is initially part of, and it
shifts more directly to the incipient opposite fragment
in the third reaction. In 83 10, bond breaking precedes
the H shift, and in 5 3 7, H transfer precedes bond
breaking. The reactions characterized are all related to
the extent that they are 1,2 eliminations. The minimum
energy pathway for 1 3 2 differs from that for 8 3 10,
primarily in there being a very shallow minimum at 2 [15],
so there is a gradation rather than a sharp discontinuity
between concerted and stepwise elimination reactions.
Considering elimination to have taken place when H
transfer and bond breaking have progressed to the
point that ethene is largely formed even if a complex
classifies three of the reactions discussed here as con-
certed and one as stepwise, according to the definitions
of Dewar [1]. The fact that in ethene elimination from 8
H transfer to N is temporally just about completely
separate from CN bond cleavage raises questions as to
whether those processes should be considered con-
certed, even though there is no intermediate between
them. Terminology to describe this type of situation has
not yet been devised, although it is becoming apparent
from the examples presented here and in other work
[24] that is not uncommon in gas phase ion chemistry.
Perhaps they should be referred to as “stagewise.”
What causes the variations in the details of the
trajectories of the reactions we describe? We suggest
that 2 3 C2H4
1 1 CH4 has a slight activation energy
because it is an H-atom transfer, and that proton
transfers such as in 4 3 6 and 8 3 10 do not have
activation energies, consistent with conclusions of Rut-
tink and Burgers [24]. These differences cause the first
reaction to occur in steps and the latter two reactions to
occur in stages. We further suggest that a small driving
force for proton transfer allows 43 6 to occur through an
H-bridged transition state, while the stronger affinity of N
for a proton lowers the energy at the bridging position
enough so that the transition state in 83 10 occurs earlier
than in 43 6. Opposite to the other reactions discussed, H
transfer precedes bond breaking in 53 7 because that step
makes the second step feasible (see above). In summary,
similar ethene eliminations from ions in the gas phase
vary in the steps and stages they go through.
To assess whether bond breaking and bond making
are synchronized, a definitive criterion for synchrony
must be established. This is difficult to do, because we
find that changes in geometry and changes in electron
distributions are not necessarily simply related, nor are
changes in bond angles and lengths. Also, because the
total number of electrons in a system does not change
over the course of a chemical reaction, a localized
change in an electron population requires simulta-
neous, i.e., synchronized adjustments elsewhere. None-
theless, only in the nonoccurring degenerate isomeriza-
Table 7. Overlap populations in TS(CH3CH2NH
1ACH2 3 CH2ANH
1CH2CH3) at the QCISD/6-31G(d) level of theory
H1 N H6 H7 H8 C1 C2
C1 0.101 20.002 0.314
C2 0.101 20.002
H2 0.360
H3 0.360
H4 0.360
H5 0.360
N 0.002 0.286
C3 0.483 0.361 0.365
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tion of 8 did we find closely synchronized changes in
geometries, and even in that case the change in the
overlap populations occurring in the making and break-
ing bonds were substantially out of phase. CN bond
stretching preceded the development of Ht–Ca cova-
lent interactions in both 83 10 and 83 8*, and the CC
bond that breaks in the propane ion is substantially
elongated in the ground state of that ion, whereas the
itinerant H is still in a normal position [15]. The CO
bond that breaks in 4 3 6 is also elongated in the
ground state of 4 [18]. Because H transfer is exothermic,
we attribute the asynchronous adjustment in the distri-
bution of the electron population in the reactions of 8 to
a requirement for the migrating H to be close to Ca
before bonding to that carbon can start to develop,
rather than to a high energy requirement for breaking
two bonds at the same time.
Evasion of Orbital Symmetry Constraints
The hydrogen that is transferred at TS(83 10) is much
closer to Ca than to Cb when Ht is equidistant from N
and C. At the point at which Ht is 1.511 Å from the b
carbon, 1.312 Å from the a carbon, and 1.751 Å from N,
the corresponding overlap populations are 0.060, 0.130,
and 0.065 [overlap populations at the QCISD/6-31G(d)
level of theory; IRC calculations at the MP2/6-31G(d,p)
level]; i.e., the H is predominantly bonded to the carbon
it is passing. The overlap populations for the two
normal CH bonds on Ca were 0.367 and 20.062,
respectively, for the CN bond. Thus orbital symmetry
restrictions on 1,2 eliminations appear to be circum-
vented in this case by the reaction essentially becoming
a 1,1 elimination. This is supported by the greater
overlap population for CbHt than for CaHt or NHt in
TS(8 3 10). Clark has reported that a symmetry-
forbidden 1,3-H shift in the propene radical cation also
essentially takes place in two consecutive 1,2 shifts [25].
In the dissociations of 1 and 4, orbital symmetry im-
posed barriers [9] are also avoided, but by bond break-
ing and H transfer taking place in separate steps. We
found recently by ab initio calculations that the 1,3-H
shift that interconverts 4 and CH3O
1ACHCH3 (Scheme
III) also circumvents an orbital symmetry imposed
barrier, in that case by utilizing an antarafacial rather
than a suprafacial pathway [26]. In addition, Sannes
and Brauman [27] recently reported that the degenerate
1,3-H shift that interconverts acetone enolate ions avoids
a symmetry-imposed barrier by rotation of the forming
methylene and the methylene receiving the hydrogen
such that the reaction is no longer symmetry forbidden.
Thus, there appears to be a general tendency in gas phase
ion chemistry to circumvent Woodward–Hoffmann im-
posed barriers rather than to surmount them, and a
variety of strategies for doing so.
Theory
Calculations were performed using Gaussian 94 pro-
grams [28] on a Cobra Carrera Alpha computer. Struc-
tures at energy minima were characterized by establish-
ing that they had no imaginary frequencies, and each
transition state was shown to have only one imaginary
frequency. Zero-point energies were obtained at the
MP2/6-31G(d,p) level of theory and used without scal-
ing because no scaling factor is available for that level of
theory. IRC calculations were performed at the MP2/6-
31G(d,p) level of theory because the necessary Hessian
matrices are not provided by QCISD theory.
Basis Set Effects and Orbital Usage in the TS
Our group has long been interested in hydrogen trans-
fers involving (at least in the simplest possible formu-
lation) small rings [29–31]. It is of interest to determine
the consequences of improving the description of the
wavefunction in the regions that are remote from the
nuclei on the energies of transition states with differing
features. We recently completed a study of the four-
membered ring hydrogen rearrangement 123 4 [26]. In
that study, both the absolute energies and the activation
energies were more strongly affected by use of im-
proved outer valence functions than by including p
Table 8. Effect of basis set on computed energiesa
Species MP2/6-31G(d) MP2/6-311G(d) MP2/6-31G(d,p) MP2/6-311G(d,p)
C3H8N
1
Ground state 2173.006964 2173.067376 2173.069933 2173.12460
TS 2172.899563 2172.960851 2172.963932 2173.020035
Eab 259.5 257.2 255.8 252.1
C3H7O
1
Ground state 2192.816499 2192.892312 2192.869807 2192.941276
TS 2192.729451 2192.808830 2192.784497 2192.860201
Ea 223.1 213.8 218.6 207.5
aIn Hartrees.
bIn kJ mol21 and including zero-point energies.
Scheme III
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orbitals on hydrogen (Table 8). Table 8 shows that this
situation is reversed in the present system, as adding p
orbitals on the hydrogens lowered the energies of both
the ground and transition states by about 0.064 Har-
trees, whereas improved outer valence functions low-
ered the energies by about 0.061 Hartrees. The first
effect is about 7.4 kJ mol21 greater than the second. In
both the ground state and the transition state, the
hydrogen on nitrogen is the largest user of its p orbitals
among the hydrogens, according to the Mulliken gross
orbital populations (Table 9). This accounts for the
greater effect of adding p orbitals on hydrogen on the
absolute energies. The hydrogen being transferred in
TS(8 3 10) also uses its p orbitals to a greater degree
than the other hydrogens or the migrating hydrogen
(Ht) in the C3H7O
1 system in Scheme III. The difference
between the effects on the energies of the two four-
membered ring processes probably stems from this
difference in the degree of p orbital usage by the
transferring hydrogen in the two transition states.
TS(8 3 10) and (TS 3 4) are very different. In the
former, the main distortion from the ground state is the
lengthening of the CN bond. The CCN bond angle
remains near normal. The only bond angle in TS(8 3
10) that might be considered abnormal is the acute
(72.5°) CCHt angle. However, the normal structure of
the ethyl ion (which the corresponding portion of this
transition state resembles) has a bridging hydrogen
with an acute HCC bond angle. The bridging hydrogen in
the ethyl ion also has an unusually large p orbital popu-
lation. The distortions in the C3H7O
1 system are of two
kinds. The bond angles involved in TS(12 3 4) are
reduced from normal to near 90°, and the migration
termini are twisted so that the p bonding between carbon
and oxygen is effectively broken off. These multiple
changes cause changes in the contributions of the outer
valence functions to become larger than the effects of
adding p orbitals on the hydrogens. Consequently the
different types of distortion in the two transition states
lead to a differing order of importance of influence of the
basis functions (p orbitals on H versus outer valence
orbitals on all atoms) to the energy in the systems.
The basis set used to optimize geometries had little
effect on energies obtained, as the MP2/6-311G(d,p) en-
ergy of the transition state changed by only 20.14 kJ
mol21 upon going from the MP2/6-31G(d) optimum ge-
ometry to the MP2/6-311G(d,p) optimum geometry. The
change in the ground state was even less: 20.11 kJ mol21.
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